Abstract: Hydrothermal carbonization (HTC), as an environmental friendly process, presents wide potential applicability for converting biomass to biochar with high energy density. Reed, a major energy crop, was converted by a HTC process in a batch reactor at 200-280 • C for 0.5 to 4 h. Biochar mass yield changed from 66.7% to 19.2% and high heating value (HHV) from 20.0 kJ/g to 28.3 kJ/g, respectively, by increasing the carbonization temperature from 200 • C to 280 • C and decreasing the residence time from 2 h to 1 h. The Fourier Transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscope (SEM) results indicated the lignocellulosic crosslink structure of reed is broken and biochar having a high energy density is obtained with the increase of temperature. The microcrystal features of reed are destroyed and biochar contained mainly lignin fractions. The HTC of biocrude is carried out at 200-280 • C for 2.0 h and the results showed that the obtained biochar has uniform particles filled with carbon microspheres.
Introduction
Recently, abundant research efforts have been focused on the use of renewable biomass for producing energy, chemicals and materials. During the whole process for biomass growth and utilization, the carbon balance has been realized, so the concentration of CO 2 in the atmosphere theoretically remains constant during this cycle [1] . Most of the biomass is inefficiently used for the heating purposes in the absence of other reliable and cheaper sources of energy. The biomass has been exploited in ways involving pyrolysis, gasification, fermentation and hydrothermal processes to obtain the useful clean energy, materials and biochemicals. H 2 [2] , ethanol [3] , lactic acid [4] , biochemicals [5] , and biochar [6] [7] [8] can be obtained in different reaction processes. Recently, the acceleration of carbonization in a hydrothermal medium by a factor of 10 6 -10 9 under rather mild conditions, down to a scale of hours, makes it a useful pathway for biochar production. The research attention has largely focused on the conversion of biomass to biochar which has higher heating value (over 28.0 kJ/g) and better carbonaceous materials performance [9] .
Hydrothermal carbonization (HTC) is a thermochemical process to produce biochar from raw biomass or carbohydrates under mild temperatures (180-350 • C) and self-generated pressures in subcritical water. Compared to the typical carbonization routes such as pyrolysis (500 to 800 • C), HTC is able to explore fresh feedstock without any drying treatment [10, 11] . During the HTC process, subcritical water serves as green solvent, reagent and catalyst that facilitate the hydrolysis and cleavage of lignocellulosic biomass [12, 13] . Hydrolysis, dehydration, decarboxylation, condensation polymerization and aromatization take place during the HTC process [14] . In the past decades, HTC has been explored the reveal the mechanisms of natural coalification in the coal-forming process, but attention was seldom paid to the production of solid residues. The biochar obtained by the HTC process from fresh biomass even bio-waste, can be used as a solid fuel, adsorbent and soil amendment with wide applicability. Some research has indicated a series of novel carbon materials with specific properties could be prepared through the HTC process under mind conditions using carbohydrates as starting materials [15, 16] .
A HTC process was used for the conversion of eucalyptus bark (EB) into biochar in the range of 220-300 • C after 2-10 h. The results showed that the biochar yield decreased slightly from 46.4% at 220 • C to 40.0% at 300 • C and high heating value (HHV) increased from 20.2 to 29.2 kJ/g [17] . The optimum conditions for maximum yield production of biochar through HTC of palm shell were also discussed. Using 180 • C, 0.5 h, and 1.60 wt.%, optimized biochar was obtained and the temperature was proven to have a greater influence on the efficiency of biochar production [18] . Liu carried out HTC of glucose, sucrose, and starch at temperatures ranging from 170 to 240 • C. The results indicated that biochar is made up of uniform spherical micrometer-sized particles that have a 0.4-6 mm diameter, which can be modulated by modifying the preparation conditions [19] . Sevilla et al. provided a method for producing carbonaceous materials by means of the HTC of cellulose at 220-250 • C. The formation of this material essentially follows the path of a dehydration process, similar to the HTC of saccharides such as glucose, sucrose or starch [20, 21] .
In the present work, our interest was the production of biochar with higher energy density and carbonaceous materials from biocrude, so the HTC process was explored to convert reed into biochar and biocrude in a batch reactor under mild conditions. The effect of reaction time, temperature and pressure in the range of 0.5-4 h, 200-280 • C and 2.4-27.2 MPa, respectively, were studied. The HTC of biocrude was carried out in a batch reactor at 200 • C for 2 h. Through Fourier Transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscope (SEM) analysis of the biochar produced from reed, the transformation process, structure performance and energy value of biochar were discussed. Based on the yields and SEM analysis, the possible pathways for HTC of biocrude into carbon microspheres were provided.
Results
The characteristics of the reed raw material are presented in Table 1 . Details of yield, HHV and energy yield of biochar prepared under various conditions using the setup illustrated in Figure 1 are shown in Table 2 . In general, biochar yield (wt.%) decreased with temperature whereas HHV increased. The results are discussed in the following sections. The effects of residence time and pressure on the carbonization of reed for biochar production at 200 • C and 230 • C are discussed. The time and pressure ranged from 2.0 to 4.0 h and 17.6 and 27.2 MPa, respectively. The reed and biochar were characterized by FTIR (wave number: 4000-400 cm −1 ) and a typical spectrum was shown in Figure 2 . Typically bands in FTIR spectrum for reed and biochar were listed in Table 3 . As the hydrolysis product of reed in the HTC process, biocrude contains various sugars and organic acids. The glucose, lactic acid, acetic acid, HMF (5-hydroxymethylfurfural) and furan in biocrude obtained from 200 • C to 280 • C are listed in the Table 4 . 
3. Discussion
Performance of HTC for Biochar
At 200 • C, the higher yield and HHV for biochar were obtained at 2.0 h, 27.6 MPa and 4.0 h, 27.6 MPa, respectively, and the values were determined as 66.7% and 21.8 kJ/g. A higher temperature favored the conversion of raw materials to higher energy density fuel and HHV, as indicated by the values provided at 230 • C which were 26.9 kJ/g at 2 h and 17.2 MPa. Compared to the yield of biochar at 200 • C, it showed a descending trend at the same conditions for 230 • C. Higher yield and HHV can be obtained at 200 • C and 230 • C, respectively. The desired pressure was achieved by pumping water into the reactor. The increased pressure of the reaction system keeps the water in its aqueous phase and influences the density properties of water [10] . At comparatively low temperature (200-230 • C), the amorphous components of reed were mainly hydrolyzed and the liquid product mainly contained oligomers and monomers produced by the hydrolysis of the sugar components in reed. The HHV of the product biochar remained low because of low deoxygenation rate in this temperature range.
Temperature plays a key role in the conversion of reed to biochar. Further experiments were performed at 200 • C to 280 • C for 4.0 h and the results are shown in the Table 2 . Fifty mL of water was added into the reactor and the mass ratio of biomass and water was changed from 1:6.5 (shown in the Table 2 ) to 1:25. The pressure was autogenously adjusted and it increased above the vapor pressure of water because of the formation of gaseous products during the HTC process. The influence of temperature is obviously, though biochar yield decreased at 280 • C, the HHV of the product was increased considerably with temperature.
The highest yield of 60.6% for biochar was obtained at 200 • C. At the same time, the higher temperature is propitious to obtain higher energy density fuel and this value reached 28.1 kJ/g at 280 • C. The yield and HHV obtained at 230 • C are 37.8% and 23.5 kJ/g, which lower than the results under the set pressure. The results showed that high pressure provides a higher yield and HHV for the conversion of reed to biochar despite it being lower from the influence of temperature. Based on the results of yield and HHV at different temperatures, the energy conversion efficiency, which was defined as the ratio of contained energy in raw reed and obtained biochar, were 52.4%, 43.0%, and 31.2% at 230, 260, and 280 • C, respectively. The results indicated that energy conversion efficiency displays a decreasing tendency with the increase of temperature. To obtain a higher energy conversion efficiency and biochar with higher energy density, a higher temperature should be used and the reaction conditions should be changed to improve the HHV of biochar. Table 2 displays the obtained biochar yield and HHV at 280 • C from 0.5 to 4.0 h. The yield of biochar shows a descending curve, but the values of HHV increase slightly from 0.5 h to 4.0 h. The HHV obtained from 0.5 h at 280 • C is higher than that of 4 h at 230 • C, but the yield (20.7%) is lower than with the former conditions (37.8%). Reed provides less biochar yield in the case of 1.0 h at 280 • C than 4.0 h at 260 • C, but the HHV for biochar were high as 28.4 and 25.9 kJ/g. Similar biochar yield and HHV results were obtained at 1.0 h and 4.0 h under 280 • C. Future work will focus on getting the optimal conditions for conversion of reed to biochar with higher yield and energy density.
Characterization of Reed and Biochar
The FTIR spectrum of biochar was partly similar to that of reed and the typical peaks of lignin were maintained in biochar. These results indicated that the biochar had a high degree of polymerization oligomers with lingo-like molecular structures. The reed was not liquefied completely for the appearance of absorption peaks at 1060 and 1160 cm −1 at 200 • C and 230 • C. From Figure 2 , it can be seen that the absorbance peaks in the raw, 200 • C and 230 • C materials are similar and hemicellulose and cellulose were present in the biochar obtained at lower temperature [22] . As for 260 • C and 280 • C, the FTIR displays peak changes for the biochar obtained at higher temperature which is different from reed and lower temperature product. The results showed that the two kinds of biochar have a different functional groups than reed. In the higher temperature process, the hemicellulose and cellulose were converted and a polymerization process was realized. From the spectral difference of FTIR spectra of these biochar obtained at higher temperature and reed, the absorbance peak appeared in the range of 1600-650 cm −1 . It was shown that the aromatic rings started to recombine at this temperature. The possible presence of alkenes was indicated by the absorbance peaks between 1680 and 1580 cm −1 . The ether linkages around 1200 cm −1 and 1000 cm −1 between the cellulose skeleton units were hydrolyzed with the hydrothermal treatment from 260 • C to 280 • C under subcritical conditions [23] [24] [25] . As for the skeleton structure of reed, the lignin remained in the biochar when the temperature increased from 200 • C to 280 • C. The results were confirmed by the lignin peaks at 1265, 1424 and 1513 cm −1 in the FTIR. At the same time, peaks of polymeric product were also shown in the FTIR spectra at 1600 and 1700 cm −1 . These results proved that the biochar was composed by the conserved lignin and polymeric products produced in the HTC process [22] .
We conducted SEM observations of reed and biochar after the HTC process. The SEM images for biochar and reed are shown in Figure 3 . These results suggested that biochar has a different macromolecular structure from reed and their average particle sizes grew smaller at the temperature reached 260 • C. The results show that the lignocellulosic structure of reed was destroyed as the hemicellulose and cellulose were hydrolyzed in the HTC process. Small globular particles which come from the polymer particles of reed decomposition can be seen precipitated over thin fibers. The cross-linked structure which was made up by the lignin and cellulose in reed was broken in the HTC process as the cellulose was hydrolyzed into aqueous phase [26, 27] . Compared with lignin, the microcrystal structure of cellulose is relatively easily damaged under higher temperature conditions and the results were demonstrated in the FTIR analysis. As shown in the Figure 3B , the lignin can resist the higher temperature disruption and form the main skeleton structure for biochar obtained in higher temperature.
The XRD patterns for biochar (obtained 280 • C, 4.0 h) and reed were compared and are shown in Figure 4 . The distinct sharp crystalline cellulosic peak (2θ = 22.7 • ) which comes from the crystal structure of cellulose was displayed in the reed, but the peak was absent in the biochar, which confirms that it contained mainly less crystalline or amorphous components. As the cellulose in the reed was decomposed, the transformation from microcrystal features to a non-crystalline structure were realized in the HTC process. A carbon-rich product with an amorphous structure and lignin as the major component was retained in the biochar. The results are consistent with the FTIR and SEM analyses. Through the analysis of FTIR, SEM and XRD for the reed and obtained biochar, the change for structure, morphology and composition from reed to biochar were displayed to help understand the HTC process for biochar production. Through fragmentations and deoxygenation, reed conversion into biochar is realized. The main components of the biochar obtained at higher temperature are lignin and cellulose was hydrolyzed into biocrude. The elemental analysis of the biochar obtained at 280 • C indicated that the elemental carbon is over 70%. The results confirm that O/C ratio decrease with temperature from 0.90 for reed to 0.32 for biochar obtained at 280 • C. The decrease in O/C ratio may be attributed to the deoxygenation, caused mainly by the dehydration of reed. 
HTC of Biocrude for Biochar
From Table 4 we know that glucose serves as the main contributor in the biocrude which is obtained at low temperature. The main hydrolysis products of reed include glucose, acetic acid, lactic acid, HMF and furan. The oligomers and glucose constitute the majority of the organic compounds in the liquefaction of reed at low temperatures such as 200 °C. Organic acids and aromatic compounds are formed by different pathways, especially in the high temperature interval. As the temperature increases from 200 °C to 280 °C, the amount of glucose decreases whereas that of organic acids displays an upward trend. For the hydrolysis product of hemicellulose and cellulose, lower temperature is favorable for the production of glucose and higher temperature is beneficial for producing organic acids. We carried out experiments on the HTC of biocrude at 200 °C for 2.0 h. The biocrude was obtained in the HTC of reed in a temperature range from 200 °C to 280 °C. The conversion efficiency of carbon from biocrude to biochar is shown in Figure 5 . The conversion efficiency of carbon was 35.5% when the biocrude was obtained at 200 °C. As for the biocrude obtained at 280 °C and 4.0 h, the value decreased to 4.4%. The conversion efficiency of carbon for biocrude obtained from 230 °C and 260°C were 26.2% and 6.5%, respectively. The experimental results indicated that biocrude produced at lower temperature is favorable for the conversion of organic carbon to biochar. Sugar plays an important role in the HTC process for biochar production which was similar to that use the glucose as a raw material. Through polycondensation and molecular rearrangements of sugar, the conversion of biocrude to biochar was realized in the HTC 
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As shown in the Figure 6 , the biochar obtained in the HTC of biocrude has uniform features. Interestingly, the majority of the 2 µm particles are composed of the biochar and biocrude transformed into carbon microspheres during the hydrothermal carbonization process. A comparison of biochar produced from reed and biocrude indicated that different formation pathways lead to various biochar properties. The biochar obtained the HTC of reed can be used as a higher energy density fuel for its higher carbon content. Because of the homogenization characteristics, the biochar resulting from the HTC of biocrude can provide a new method for producing carbonaceous materials.
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Materials and Methods

Material
Reed (2-5 mm long pieces, powdered) was used as raw material for the HTC experiments. The physical and chemical properties of the reed are listed in Table 1 . Biocrude obtained from liquefaction of reed also was used for producing biochar.
Apparatus and Procedure
HTC of reed was carried out in a batch reactor with an internal volume of 65.0 cm 3 ( Figure 1) . The experiments were carried out at 200-280 °C for 0.5-4.0 h. The HTC process was as follows: the desired amount of reed (10.0 g) and water (45 cm 3 ) was put into the reactor, which was then sealed. The reactor was heated up to a desired temperature for HTC of reed. After the set time, the reactor was rapidly cooled to room temperature using air flow. The reaction time was defined as the time at the reaction temperature excluding preheating and cooling time. To study the effect of pressure on process [28] . The SEM image for HTC conversion biocrude obtained at 200 °C to biochar is shown in Figure 6 . As shown in the Figure 6 , the biochar obtained in the HTC of biocrude has uniform features. Interestingly, the majority of the 2 μm particles are composed of the biochar and biocrude transformed into carbon microspheres during the hydrothermal carbonization process. A comparison of biochar produced from reed and biocrude indicated that different formation pathways lead to various biochar properties. The biochar obtained the HTC of reed can be used as a higher energy density fuel for its higher carbon content. Because of the homogenization characteristics, the biochar resulting from the HTC of biocrude can provide a new method for producing carbonaceous materials. 
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Materials and Methods
Material
Apparatus and Procedure
HTC of reed was carried out in a batch reactor with an internal volume of 65.0 cm 3 ( Figure 1) . The experiments were carried out at 200-280 • C for 0.5-4.0 h. The HTC process was as follows: the desired amount of reed (10.0 g) and water (45 cm 3 ) was put into the reactor, which was then sealed. The reactor was heated up to a desired temperature for HTC of reed. After the set time, the reactor was rapidly cooled to room temperature using air flow. The reaction time was defined as the time at the reaction temperature excluding preheating and cooling time. To study the effect of pressure on HTC process, reactor pressure was controlled by pumping water into the reactor until the set value was reached. After HTC of Chinese reed, the biochar and biocrude were separated with a 0.22 µm filtration membrane. The biocrude was used as starting material for preparing carbon materials. As for the biochar produced from the biocrude, the experiments on the HTC of biocrude were carried out at 200 • C for 2.0 h in the batch reactor. The reactor was filled with liquid phase (biocrude) which was obtained from the different HTC processes and the biochar was collected through a 0.22 µm filtration membrane after the reaction. The biochar obtained from biomass and biocrude was washed using deionized water and oven dried for 24 h at 105 • C.
Characterization
Surface morphology of the sample was recorded using an environmental scanning electron microscope (SEM, EVO 50, Zeiss, Jena, Germany). XRD patterns of the reed and biochar were obtained on a Miniflex powder X-ray diffractometer (Rigaku, Tokyo, Japan ) with a Cu Kα radiation source in a 2θ range from 10 • to 35 • with a scanning rate of 1 • /min. Infrared spectra (4000-400 cm −1 ) were analyzed by a IR100 infra-red spectroscopy (FTIR) instrument (Nicolet, Waltham, MA, USA) which was equipped with a TGS/PE detector and a silicon beam splitter with 1 cm −1 resolution. The higher heating value (HHV) of reed and biochar was determined by an IKA-C200 calorimeter (IKA Works, Wilmington, NC, USA). The collected liquid solution was filtered through a 0.22 µm pore-size filter prior to analysis. The main products in the resultant solution were identified based on standard compounds and their structures were further confirmed by HPLC (LC-20AD system, Shimadzu, Tokyo, Japan) equipped with an Aminex HPX-87H Ion Exclusion Column, 300 mm × 7.8 mm) with a differential refraction detector (RID-10A). The column was held at 65 • C. H 2 SO 4 (0.01 mol/L) was used as the mobile phase at a flow rate of 1.0 mL/min. The peak identification was accomplished by comparison of sample peak retention times with those of standard solutions of pure compounds. The total organic carbon (TOC) in aqueous phase was measured with a TOC analyzer (Shimadzu TOC 5000 A).
Conclusions
Reed was converted into biochar in a temperature range of 200-280 • C for 0.5-4.0 h in a batch reactor. Compared with the residence time and pressure, the temperature plays a key role in the conversion of reed to biochar. Higher temperature is favorable for the production of a higher energy density fuel but is negative for the mass of biochar. The yield of biochar decreased when the temperature increased from 200 • C to 280 • C. The FTIR and SEM results suggested that the complete breakdown of the lignocellulosic crosslinked structure of reed is realized at higher temperature and biochar contained mainly lignin fractions. The XRD image of untreated reed and biochar indicated that the microcrystal features are converted into a non-crystalline structure in the HTC process. HTC of biocrude for biochar production were carried out from 200-280 • C and 2.0 h. The results indicated that biocrude obtained at lower temperature is favorable for biochar production and polycondensation of sugar is the major factor in the HTC of biocrude. The biochar obtained from the HTC of biocrude has a uniform particle size filled with globular carbon microspheres.
